We describe an instrument capable of obtaining two-dimensional images of subsurface structure in real time with no moving parts. The technique is based on spectral interferometry and uses an imaging spectrograph to obtain spatially resolved spectra. A test sample consisting of microscope coverslips and a Ronchi grating was measured, illustrating the system's depth resolution of 38 mm and transverse resolution of at least 12.7 mm. The technique is readily adaptable to endoscopic delivery as well as three-dimensional real-time image acquisition. © 1999 Optical Society of America OCIS codes: 120.3180, 110.4500, 170.0110, 170.6960, 300.0300.
Many fields require high-resolution subsurface imaging. Applications with this requirement include characterization of semiconductors and noninvasive tumor detection for medical screening. Optical coherence tomography (OCT) is a promising technique with which to address these tasks, providing micrometerscale resolution in a variety of media. 1 -3 OCT systems presented in Refs. 1-3 for the collection of two-dimensional (2D) and three-dimensional (3D) data sets require high-speed scanning components for rapid image acquisition. For remote delivery and collection of the signal, which are very desirable qualities in medical applications, problems arise owing to the need for miniaturized mechanical scanning components. Although some groups have successfully addressed these problems 4 ,5 a system with no moving parts that could acquire 2D and 3D images would have important advantages. In this Letter we present a variation of OCT that allows acquisition of 2D and 3D images of subsurface structure without the use of moving parts and has the potential to acquire images in real time. The technique is also readily adaptable to endoscopic implementation.
The traditional implementation of OCT is essentially a time-domain technique. In this method a broadbandwidth source is used to illuminate the sample, which is in one of the arms of a Michelson interferometer. The path length of the other arm (the reference arm) is varied, and interference fringes are observed when the optical path length of the reference arm is within one coherence length of a ref lective site within the sample. Note that the detector in this case measures the cross correlation of the signals from the reference and the sample arms. A method for providing a continuous optical delay in the reference arm without mechanical scanning was presented recently. 6 In this method, continuous delay is achieved by use of a ref lective grating in the Littrow conf iguration in the reference arm. The output plane of the interferometer then encodes depth along the dimension of the grating-induced path delay (making this method a parallel, time-domain technique) and can encode a lateral dimension simultaneously.
In an alternative approach a stationary interferometer illuminated with a broad-bandwidth source is also used, and the spectrum of the interferometer output, the interferogram, is measured instead. The Fourier transform of the interferogram contains the depth information. This approach can be thought of as a frequency-domain technique. The signal returning from the sample is a superposition of monochromatic waves that interfere with the similar components ref lected from the sample arm. This results in fringes at the output plane of the spectrograph. Depth information is encoded as the spatial frequency of the fringes and is given by 
where s 1͞l is the wave number and Dz is the difference in distance from the reference mirror to the site in the sample that generated those fringes. This encoding results in
where 1͞Dl is the frequency of the observed fringes at the spectrograph output plane and l corresponds to the center wavelength of the source. 1͞Dl is readily obtained by Fourier transformation of the output spectrum, even in the case of complex multicomponent signals. More-detailed explanations were presented by Fercher et al. 8 and Hausler and Lindner. 9 Spectral interferometry provides a technique for probing subsurface structure beneath a single point by use of a system with no moving parts. We present an extension of this technique in which 2D images of the subsurface structure beneath a line are obtained in a system with no moving parts. This is accomplished by optical imaging of a line on the sample surface in the sample arm of the interferometer onto the entrance slit of an imaging spectrograph coupled to an array detector. This imaging is illustrated in Fig. 1 . At the output of the spectrograph, the wavelength information encodes the depth-͑z-͒ resolved remittance of the sample, and the spatial direction ͑x͒ encodes the imaged, transverse direction on the sample. Lineby-line Fourier transformation along the wavelength Fig. 1 . Schematic representation of a spatially resolved spectral interferometer. The depth in the sample ͑z͒ is encoded as wavelength-dependent spatial frequency in the spectrogram; transverse information ͑x͒ is imaged directly onto the spectrogram. The inset shows a fiber-optic delivery system suitable for 2D or 3D image acquisition. direction converts the information back to the spatial domain, which allows for the acquisition of 2D images without the use of moving parts.
An experiment was designed to demonstrate this technique. An EG&G superluminescent diode source was collimated to a diameter of 5 mm and used as the input to a Michelson interferometer. The source had an output power of 500 mW, a center wavelength of 855 nm, and a FWHM bandwidth of 25 nm. Light was focused to a 500-mm spot on the sample with a 155-mm focal-length lens. An identical lens focused the light onto a f lat, variable-ref lectance mirror in the reference arm. The optical path length in the sample arm was 1 mm longer than that in the reference arm. Image reconstruction (line-by-line Fourier transformation of the spectrograph output image) shifted the desired signal, consisting of cross correlation of the reference arm and the signal remitted sample, away from confounding terms. Confounding terms arise from source autocorrelation as well as autocorrelation terms between signal remitted from within the sample. These confounding terms occur near zero depth in the reconstructed image. 9 The collimated signal returning from the reference and the sample arms was then input into a Chromex 500 IS imaging spectrograph coupled to a Sony XC-75 camera. A cylindrical lens of focal length 40 mm was used to focus the interferometer output at the spectrograph input slit, which was set to a width of 25 mm. Images were digitized to 8 bits at 30 frames͞s by use of a Matrox video capture card and saved to disk, where Fourier transformation was implemented with software. The setup provided a theoretical depth resolution of 38.1 mm with a maximum depth of 13.5 mm in air. These results were limited by the detected bandwidth (in this case limited by the detector size) and the pixel-element size, respectively. The imaging spectrograph is capable of independently resolving at its output plane the spectra from two spots imaged on its input slit when they are separated by 40 mm. The input slit height is 10 mm, although the detector height is 4.8 mm. The resolution achieved along the sample surface was limited by the imaging resolution of the spectrograph ͑40 mm͒ and the magnification ratio of the spot on the sample to the projected image on the spectrograph input slit. The calculated magnif ication ratio was 10 ͑5 mm͞500 mm͒, resulting in a resolution on the sample surface of 4 mm. The total coverage along the sample surface was limited by the magnification ratio and the detector size and was calculated to be 480 mm. The depth resolution and coverage were determined by the spectrograph's dispersive properties, and the transverse resolution and coverage were determined by the spectrograph's imaging properties. The depth and the transverse values are independent of each other.
A sample consisting of microscope coverslips and a Ronchi grating was used to illustrate the capability of this system. The sample arrangement is shown in Fig. 2(a) . Two stacks of two coverslips each were used to raise another coverslip over a Ronchi grating. The grating had a ref lective bar pattern of 500 cycles per inch (19.69 cycles͞mm). It was oriented such that the direction of the bars was perpendicular to the transverse imaging direction ͑x͒. This orientation provided a layered sample consisting of two glass layers separated by an air gap. The bars of the grating provided a pattern in the transverse imaging direction on the surface of the bottom glass layer. A single frame of the spectrograph output was captured. A background image, consisting of the spectrograph output with no sample in the interferometer, was subtracted. Lineby-line Fourier transformation along the wavelength direction was then carried out, resulting in a 2D image of the sample, shown in Fig. 2(b) . For display purposes the image was also linearly interpolated four times in both the horizontal and the vertical directions. The structure of the layered sample can clearly be seen in Fig. 2(b) . The horizontal axis corresponds to depth in the sample (z in Fig. 1) , and the vertical axis corresponds to the transverse direction (x in Fig. 1) . The gray-scale value represents the relative intensity of the ref lected signal. The horizontal axis scale is calculated in micrometers of optical path length relative to the reference mirror. The vertical axis is given in micrometers, and the intensity scale is arbitrary but linear. From left to right in the image, all four layers are easily distinguished: the top air layer can be seen first, followed by the first glass layer, corresponding to the top microscope coverslip; the air gap between the top coverslip and the Ronchi grating is seen next, followed by the grating itself. Significant background noise is observed. Most of the noise is due to the combination of the low digitization depth and the high frame rate of the camera. Some of the noise is patterned, suggesting that it is due to multiple ref lections within the sample or to the source spectrum satellite peaks. Interference from light backscattered from off-axis points may also contribute to the patterned background noise.
Nine cycles of the 500 cycles per inch (19.69 cycles͞mm) (25.4-mm bars) grating are clearly distinguishable on the surface of the grating. This result sets the approximate transverse coverage of this system at 460 mm, with a resolution of a least 12.7 mm (compared with the theoretical transverse resolution of 4 mm calculated above). The transverse coverage compares very favorably to the value of 480 mm calculated above. In the depth dimension, a range of ϳ1.6 mm optical path length is shown. Very good agreement is found between the dimensions from Fig. 2(b) and the dimensions measured with a dial caliper. Notably, the depth of the top coverslip is measured from Fig. 2(b) to be 244 mm. Assuming an index of refraction of 1.5, this depth corresponds to a physical distance of 163 mm. The measured thickness of the coverslip was 165 mm. The depth of the air gap between the top coverslip and the grating is measured from Fig. 2(b) to be 413 mm, 83 mm more than expected, assuming equal coverslip thicknesses of 165 mm. This result could be due to small air gaps between the stacked coverslips.
The current system, with no moving parts, acquires 2D images at video rate. Available digital signalprocessing boards would permit real-time processing of the acquired video stream. Optical Fourier transformation of the signal at the output plane of the spectrograph is not possible because the spectral content varies across the imaged field. Improvements in the system's detector are needed for imaging of highly scattering samples. More-sensitive CCD's with higher bit depths are available. They would improve the sensitivity and the signal-to-noise ratio of the system. However, some reduction in the data-acquisition rate would be expected.
The results presented above successfully show that it is possible to obtain 2D images of subsurface structure with resolution of tens of micrometers in a system with no moving parts. This resolution allows for straightforward implementation of remote delivery systems by use of optical fibers (inset of Fig. 1) , which is an attractive possibility for medical applications. The resolution can be improved by an increase of the wavelength coverage of the spectrograph and by use of broader-bandwidth sources. Real-time 3D acquisition is also possible. This can be implemented by imaging of the sample onto a 2D fiber bundle in which the fibers have been arranged in a line at the proximal end and are imaged onto the spectrograph entrance slit (inset of Fig. 1 ). The spectrum of each fiber would then provide depth information about the point in the 2D patch that is imaged onto that fiber. This approach results in nonscanning 3D image acquisition.
